The horizontal distribution of bloom-forming Microcystis in a specific lake area and the transport of Microcystis by wind-driven lake currents between Meiliang Bay and the open water of Taihu Lake were measured during continuous field observations from August 21 to 25, 2006. During the observations, the horizontal distributions of Microcystis, represented by Chlorophyll a, showed a clear concentration toward downwind lake areas. According to the lake currents and the Chl a concentrations on the boundary line between the Meiliang Bay and the open water, the transported Chl a was less than 2% of the total weight of Chl a in Meiliang Bay on August 22, 24 and 25. The results suggest that the horizontal distribution of the bloom-forming Microcystis was strongly affected by the wind conditions, and the wind-driven Microcystis accumulation was mainly determined by surface drift; the transport of Microcystis by lake currents was much less important in this large, shallow lake.
Introduction
Microcystis (Cyanobacteria) bloom is one of the most serious problems in eutrophic freshwater systems because it forms surface scums that cause taste and odor problems, and even produces toxins that threaten human health (Reynolds et al. 1981) . The bloom is the accumulation of algal biomass at the water surface (Reynolds 1987) . Although many of the competitive strategies underlying the success of this species have been reported (Hyenstrand et al. 1998; Huisman and Hulot 1999) , our understanding of the mechanisms of Microcystis bloom formation is still inadequate. Several recent studies have focused on the spatial distribution of Microcystis, and have related bloom formation in specific areas of lakes to horizontal migration of the phytoplankton (Ishikawa et al. 2002; Kong and Gao 2005) .
Although cyanobacterial blooms are regular events in some lakes, their intensity and extent vary substantially in different lake areas (Kanoshina et al. 2003) . For example, in Taihu Lake, Meiliang Bay generally suffers more intense blooms than the open water of the lake.
There is still no reasonable explanation for the differences in bloom extent between different areas in these lakes. Some studies have investigated the nutrient levels of the different lake areas (Chen et al. 2003a) , because there is an empirical correlation of increasing bloom frequency and magnitude with the nutrient status of water bodies (Walker and Hacens 1995; Carstensen et al. 2007; Phlips et al. 2007 ). In other opinions, a Microcystis bloom in a particular lake area is not simply caused by nutrients, which tend to associate with the in situ growth rates of Microcystis, but is also related to the spatial distribution of phytoplankton driven by winds (Platt and Denman 1980; George 1981; Webster 1990 ) and/ or water currents (Verhagen 1994; Webster 1990; George and Edwards 1976) . By analyzing the algal concentration under south and southeasterly wind conditions, Fan et al. (1998) recognized that cyanobacterial blooms were related to the wind fields in Taihu Lake. However, to the best of our knowledge, there has never been direct measurement by continuous sampling to describe the dynamics of horizontal distributions of cyanobacteria under different wind conditions in large, shallow lakes, and it is still unknown whether and how the bloom-forming cyanobacteria migrate in these lakes.
Since lake currents flow with considerable speeds in large lakes (such as Taihu Lake, Hu and Pang 2004) , the transport of phytoplankton between different areas of these lakes may include advective movement of superficial scums of bloom and transport of algae by lake currents. The drift of superficial bloom has been estimated to play an important role in downwind areas (Bai et al. 2006) . So far, little is known about the transport of phytoplankton by lake currents.
ARTICLE IN PRESS
To know more about the mechanisms of bloom in large lakes, it is essential to study the horizontal distribution of bloom-forming cyanobacteria and the transport processes between different lake areas. The main emphasis of the present work has been to investigate the horizontal distribution of bloom-forming Microcystis and the transport of Microcystis by lake currents under different meteorological (wind) conditions between Meiliang Bay and the open water of Taihu Lake.
Material and methods

Lake description
A eutrophic, large, shallow lake typical of the lakes in the middle and lower reaches of the Yangtze River, Taihu Lake is one of the largest freshwater lakes in China, located in the southeast part of the Yangtze River delta (latitude 30155 0 40 00 -31132 0 58 00 N; longitude 119152 0 32 00 -120136 0 10 00 E). The lake covers an area of 2340 km 2 , with a mean depth of 1.9 m.
Microcystis blooms have been observed in Taihu Lake since the 1990s. The blooms usually take place in June-October with substantial variations in intensity and extent between different areas. Since Taihu Lake plays an extremely important role in the economic and social development of the Yangtze River Delta, the issue of Microcystis blooms in Taihu Lake has became a major ecological and economic concern in China (Chang 1995).
Meiliang Bay, situated at the north end of Taihu Lake, has an area of 120 km 2 (about 5% of the area of Taihu Lake). The boundary line between Meiliang Bay and the open water of Taihu Lake is about 7.8 km long. The bay is well known as one of the most eutrophic bays in China, and the bloom there is more severe than in the open water of Taihu Lake (Chen et al. 2003a ). The bloom in Meiliang Bay creates great public concern because it could contaminate the drinking water of the 2 million residents of Wuxi city.
Measurements of currents and water sampling
To investigate the horizontal distribution of the phytoplankton in Taihu Lake, water samples at 17 stations (stns) in the bay mouth area (Fig. 1 , stations 1-17) were collected every afternoon from August 21 to 25 between 14:30 and 17:30 h from a boat. At each sampling station, three short water columns were collected with a 2.5 L water sampler: the upper water column (approximately from the water surface to 0.4 m depth), the middle column (approximately from 0.81 to 1.2 m) and the bottom column (approximately from 1.61 to 2.0 m).
In order to calculate the transport of phytoplankton by the lake current between Meiliang Bay and the open water of Taihu Lake, we needed information on phytoplankton concentrations and current structures in the vertical cross section. Three large ships were employed at stations 7-9 on the boundary line to measure water quality and collect water samples for analysis of the concentration of phytoplankton pigments every hour on August 22 from 9:00 to 18:00 h. To reduce the sampling workload, water samples were collected only three times (9:00, 12:00 and 15:00 h) on August 24 and 25. In the present study, the current structures in the transition area between Meiliang Bay and open water were measured with an Acoustic Doppler Current Profiler (ADCP) since there was still no systematic measurement of current profiles in the area under different meteorological conditions (Qin 2004) .
ARTICLE IN PRESS
Three scaffolds made with steel tubes were built for installation of ADCPs. The ADCP was installed on a vertical stainless steel tube to avoid any influence by iron materials on the ADCP, and the stainless steel tube was fixed on two support brackets. At stations 7 and 9, the ADCPs used were made in the USA (Sontek, 3.0 MHz). At station 8, the ADCP was made in Norway (Nortek, 2.0 MHz). To minimize the disturbance by Tuoshan Island (Fig. 1 ) of the lake currents, station 8 was established about 1 km away from Tuoshan Island. The current velocity was continuously recorded for 5 days. The current data were recorded for every 10 min, and the vertical current pattern was measured at every 20 cm.
Measurement of meteorological conditions, water temperature, pH, turbidity, dissolved oxygen and nutrients
The wind data collected at the several meteorological stations located around Taihu Lake are similar (Hu et al. 1998) . Therefore, we used the wind and solar radiation data collected every hour at Taihu Lake Meteorological station (about 17 m above the water level of Taihu Lake) of Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, located on the northern coast of Taihu Lake (Fig. 1 ). Water temperature, pH, turbidity and dissolved oxygen (DO) were measured with a multi-parameter water quality sonde 6600 (Yellow Spring Instruments, USA). Total nitrogen (TN), total dissolved nitrogen (TDN), total phosphorus (TP) and total dissolved phosphorus (TDP) were analyzed by the Chinese standard methods for lake eutrophication surveys (Jin and Tu 1990) .
Pigment measurement
Microcystis is the predominant algal species in Taihu Lake during summer blooms (Chen et al. 2003a ). Therefore, Chl a concentrations were used as a proxy for the abundance of Microcystis. Water samples were filtered onto GF/C glass fiber filters (Whatman, UK) for measurements of Chl a using a spectrofluorophotometer (RF-5301PC, Shimadzu Corporation, Japan). Isolation and measurement of photosynthetic pigments followed the methods developed by Yan et al. (2004) .
Calculation of Chl a transport by the lake currents
The currents measured at the three sites were used to represent the current structures of L1, L2 and L3 shown in Fig. 1 . The transported Chl a at different widths was calculated as
where T t is the weight of Chl a flowing through a section of width L in time t, C i is the Chl a concentration in the depth interval d zi (from d i to d i+1 ), which was linearly interpolated from measurements at the three levels, V i is the mean velocity in that depth interval and i runs from the bottom level (i ¼ 1) to the top level (i ¼ n).
Statistical analysis
Data are presented as mean values. The software package SPSS release 11.0 was used to calculate and perform statistical tests and procedures. The contour maps were produced using Surfer 8.0 with the Kriging method.
Results
Meteorological background
Wind conditions and solar radiation are shown in Fig. 2 . During the experimental period, the wind conditions varied considerably (Fig. 2) . The winds came from the south with a maximum speed of 8 m s À1 on August 21. After a switch to the north-west and a low speed of 2 m s 
Water quality and nutrients
Selected characteristics of the water are shown in Table 1 . The water temperature varied from 27.2 to 31.8 1C, and the turbidity varied between 49.6 and 134.4 Ntu. At the three continuously monitored sites, dissolved O 2 showed typical daily variations with the maximum value in the afternoon and the minimum value at dawn. The TN and TP at the different sites showed good correlation with the Chl a concentrations (r TN, Chl a ¼ 0.896, Po0.001; r TP, Chl a ¼ 0.877, Po0.001). However, the TDN and TDP were distributed with little relationship to the Chl a concentration (r TDN, Chl a ¼ 0.020, P40.05; r TDP, Chl a ¼ À0.083, P40.05).
Spatial distribution of bloom
We represent the horizontal distribution of Microcystis by the mean Chl a concentration in the water column calculated from the measured pigment concentration from the three sampling depths.
On August 21 (Fig. 3a) , the Chl a concentrations were generally low across the study area (below 20 mg L À1 ) with a patch of relatively high algal concentration at station 12 (Chl a concentration of 34.1 mg L À1 ) .On August 22 (Fig. 3b) , the Chl a contents in the open water were higher than in the bay with a region of high Chl a concentration between stations 14 and 16, and a maximum Chl a concentration of 61.2 mg L À1 at station 15. Overall, the Chl a contents at the stations in Meiliang Bay were higher than those from the open water of Taihu Lake from August 23 to 25 (Fig. 3c-e ). An east-west gradient of Chl a concentration was observed. There was a clear Chl a concentration at the eastern shore of the bay, with a core of Chl a content of 73.2 mg L À1 at station 1 on August 25.
Current structures on the boundary line between Meiliang Bay and the open lake
Figs. 4 and 5(a) showed the weighted average current vectors at different layers at the middle station (station 8) during the field observations. The currents' direction and speeds were similar in the different layers. The lake currents also showed a similar pattern at the different depths at stations 7 and 9. Therefore, we represent the current structures of the three monitored sites on the boundary line by the hourly average current vectors at 0.6 m (Fig. 5) .
The current was slow at station 7 from August 22 until noon on August 25, and then accelerated from the afternoon of August 25 until the end of the experiment to a maximum velocity of about 10 cm s À1 toward the southwest. From August 22 until August 2318:00, the currents at stations 8 and 9 were similar in direction and speed, except for about 5 h on the morning of August 23 when the directions differed. There was a clear trend toward a similar current direction (from Meiliang Bay to open lake) at stations 7 and 8 from August 23 19:00 until the end of monitoring. From August 2319:00, the current at station 9 flowed in the opposite direction (from the open lake into Meiliang Bay) at relatively high speeds (averaging about 10 cm s À1 ).
Diurnal variation of the phytoplankton concentration on the boundary line
The diurnal variations of the vertical distribution of Chl a at the three monitoring stations on the boundary line are shown in Fig. 6 . On August 22, the mean Chl a concentration of the water column at station 9 (17.5 mg L
À1
) was significantly higher than at station 7 (8.0 mg L
) and station 8 (12.7 mg L À1 ) (Po0.05). On August 24, the mean Chl a concentrations at stations 7-9 were 13.5, 15.6 and 16.2 mg L À1 in the entire water column; there were no significant difference between the three stations (P40.05). On August 25, the Chl a concentration at station 7 (17.0 mg L
) was the highest of the three stations. The average diurnal concentrations on the boundary line were generally consistent with the daily distributions sampled in the afternoons and shown in Fig. 3b, d and e.
Transport of Chl a by currents
From the measured currents and pigment concentrations, we calculated the transport of Chl a. On August 22, 66 kg of Chl a was transported to open water from the bay. On August 24 and 25, the phytoplankton was transported into the bay, with Chl a weights of 120 and 79 kg (Table 2) .
To evaluate the contributions of transported Microcystis to the biomass in Meiliang Bay, the total weight of Chl a in the Meiliang Bay was estimated. Because it was difficult to obtain detailed information on the total phytoplankton in the bay, we estimated the total Chl a in Meiliang Bay from the mean Chl a concentration in different layers at the six sample sites (stations 1-6) in the bay. Based on the area (120 km 2 ) and average depth (2 m) of Meiliang Bay, the total weights of Chl a in Meiliang Bay were 6884, 7904 and 9228 kg on August 22-25. The Chl a transported by lake currents contributed 1-2% of the total Chl a in the bay (Table 2) .
Discussion
The wind speed and direction can cause considerable heterogeneity in the horizontal distribution of plankton populations (George and Edwards 1976; Kanoshina et al. 2003; Webster 1990; Webster and Hutchinson 1994) . Wind has also been reported to affect the waxing and waning of the phytoplankton in Taihu Lake (Chen et al. 2003b) . From the wind conditions and Chl a contour maps, which we used for a better description of the Microcystis distribution (although a contour map based on several sampling sites cannot precisely represent the distribution of Microcystis because it is always patchy (Kononen and Leppanen 1997)), there was a clear concentration of Chl a in downwind areas. Solar radiation affects phytoplankton growth because light intensity not only directly determines the rate of photosynthesis but also affects other controlling factors such as water temperature (Yang et al. 2004) . Therefore, the variation of the total phytoplankton in the study area could also be related to the solar radiation from August 21 to 25. The present study paid more attention to the horizontal distribution of the phytoplankton than to the variation of the total biomass in the lake area during the different days. It seems unlikely that the spatial distribution of the Chl a in the study area was due to in situ growth of the Microcystis. The TN and TP levels at the different sampling sites probably were the results of the large Microcystis biomass but not the reasons causing the distribution of Microcystis, since during the experiment there was little correlation between Chl a and the dissolved nutrients in the study area. The distribution of Microcystis in Meiliang Bay could not be caused by inflows/outflows or density flows, because the main inflowing rivers were closed during the experiment, and Taihu Lake is a large, shallow, freshwater lake, generally well-mixed by wind (Li et al. 2007) . Therefore, the distribution of Chl a in the present study should be caused by the wind-driven drift of surface films and/or the transport of Microcystis with wind-driven flows.
ARTICLE IN PRESS
Wind creates many different water movements like waves, seiches and underwater currents; their power depends on such factors as wind speed, wind direction and lake morphology (Imboden and Wuest, 1995) . On August 22 when the wind was from the south, all the water currents at the three boundary stations flowed toward the open lake, opposite to the wind. This may have been caused by the high potential energy of the inner bay resulting from a large water input from the open lake on August 21, driven by strong winds blowing from the open lake toward the bay. From the afternoon of August 23 until August 25, the current flowing toward the open lake at stations 7 and 8 was probably driven by the wind and the topography of the study area. The current at station 7, which was directed to the southwest instead of south, showed the influence of current reflection by the east shore of the bay. The south southwesterly current at station 8 probably showed reduced effects of the reflected current. The current flowing into the bay at station 9 was probably a compensatory inflow to Meiliang Bay, forming a circulation between the bay and the open lake. These measured currents agreed with a numerical simulation of current direction under west wind fields, in which the wind blowing from west to east caused a clockwise circulation at the intersection of Meiliang Bay and the open lake (Hu and Pang 2004) .
The vertical distribution of cyanobacteria in a water body is affected by the wind velocity (Stauffer 1982; Kahru et al. 1993; Wallace et al. 2000) . The critical wind speed for surface bloom formation is about 3.0 m s
À1
. We also observed variations in the vertical distribution pattern of Chl a content with wind speeds. However, the Chl a contents in this study were pigment concentrations in short water columns (about 0.4 m) at the upper, middle and bottom layers, and thus are not directly comparable with the results on critical wind speeds, which used more precise sample depths (Cao et al. 2006; Webster 1990) .
The amounts of Chl a transported between Meiliang Bay and the open water of Taihu Lake were calculated from the lake ARTICLE IN PRESS currents and Chl a concentrations on August 22, 24 and 25. On 3 days, the transport patterns of Chl a depended on current directions. From the horizontal distribution of Chl a under different wind conditions, we can conclude that the wind drove the phytoplankton toward the downwind areas of the lake. Therefore, the total Chl a weight in the bay was probably underestimated on August 22, when the wind was southerly, and overestimated on August 25, when the wind was from the north, since the total weight of Chl a was estimated from samples taken at 6 stations located in the southern part of Meiliang Bay. The contribution of the Chl a transported per day between the different lake areas to the total Chl a of the bay was no more than 1.52%, and the transport directions were even opposite to the wind directions.
Wind may be the dominant factor controlling phytoplankton patchiness in lakes (Platt and Denman 1980; George 1981) . Marce et al. (2007) pointed out that the wind affected the phytoplankton by producing advective movement of superficial water masses in a ARTICLE IN PRESS downwind direction. The present study showed a clear concentration of phytoplankton under different wind conditions in Taihu Lake. However, the measured transport of Chl a by lake currents was less than 2% of the total Chl a in the bay, and this transport pattern depended on the current directions, which were not well correlated with the wind directions.
Overall, the results of this work highlight the importance of wind conditions for the accumulation of bloom-forming Microcystis at downwind lake areas. Interestingly, although the wind drives the lake currents with considerable speed, the transport of the phytoplankton with the lake currents contributes only 1-2% to the total phytoplankton in Meiliang Bay, and the transport was even opposite to the wind direction. Therefore, we conclude that the effect of wind conditions on the horizontal distribution of Microcystis blooms is mainly through drift of the surface film, although confirmation by direct measurement of the surface drift of the cyanobacteria is needed. Table 2 Transport of Chl a between the different lake areas by lake currents and the ratio of transported Chl a to the total Chl a in Meiliang Bay (unit: kg).
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